Key physiological functions of organisms, such as sensory transduction, regulation of heart rate, smooth muscle contraction, bile secretion, endocrine regulation, immune responses, and various pathophysiological conditions, including neuropathic pain, diabetes, kidney failure, and cancer, are regulated by purinergic signaling (Burnstock, 2013) . The pathway begins with extracellular purine nucleotides, such as ATP and UTP, or nucleosides, such as adenosine, binding to their cognate purinergic receptors in the plasma membrane (Burnstock, 1972) . Purinergic receptors are divided into two types: ligand-gated ion channels (P2X) and G protein-coupled receptors (P2Y and P1). Whereas P1 is activated specifically by adenosine, P2Y receptors are activated by a wide range of nucleotides, including ATP, ADP, and UTP, among others. P2X receptors are specifically activated by ATP and are further divided into seven different subtypes: P2X1 to P2X7. P2X receptors form homomeric or heteromeric trimers (Jiang et al., 2003; Kawate et al., 2009) , thus resulting in nonselective ATPgated ion channels that are permeable to Ca 2+ , Na + , and K + (Fig. 1 ). An important role for P2X receptors in male fertility has been proposed after the detection of several members of the P2X family in mammalian spermatozoa (Banks et al., 2010) . In the well-executed study reported in this issue, Fleck et al. perform electrophysiological profiling of murine spermatogonia and describe functional expression of two types of purinergic receptors, P2X4 and P2X7, as well as large-conductance Ca 2+ -activated K + (BK, or "Big Potassium") channels, in immature male germ cells.
ATP is known to mediate an increase in intracellular calcium concentration in sperm and also to stimulate the acrosome reaction, in which enzymes stored in the anterior cap-like structure of the sperm head are released, allowing sperm to penetrate the egg (Luria et al., 2002) . The P2X2 receptor was recently characterized in mouse sperm (Navarro et al., 2011) . P2rx2-deficient mice are fertile and have normal sperm morphology; however, their fertility declines over days with frequent mating, suggesting that the P2X2 receptor can provide a selection advantage under certain conditions. P2X receptors are also involved in sperm transport through vas deferens: double deletion of P2X1 and α1A-adrenergic G protein-coupled receptors in male mice led to a complete infertility caused by inhibition of sperm transport (White et al., 2013) . P2X receptors have also been reported to be expressed in mammalian testes (Glass et al., 2001 ); however, their physiological importance for spermatogenesis and sperm maturation attracted attention only recently.
In this issue, Fleck et al. (2016) perform a comprehensive evaluation of the physiological function of P2X4 and P2X7 receptors, as well as BK channels, in mammalian spermatogonial cells, the undifferentiated germ cells that produce spermatozoa. This work reveals new insights into autocrine/paracrine regulation of mammalian spermatogenesis. The authors suggest that spermatogonial purinergic signaling might be required for synchronized sperm development and release into the epididymis (Fleck et al., 2016) . The important determinant of male fertility is sperm count; therefore, testes are required to produce a steady number of spermatozoa to provide continuous sperm transport through the male reproductive tract. The testis is an immune-privileged organ in which Sertoli cells prevent spermatogonia and developing sperm cells from direct contact with the blood. Thus, spermatogonia lack the ability to coordinate their division through direct communication via the blood stream. Paracrine signaling, using ATP, could therefore be a useful alternative mechanism to solve this communication problem and ensure coordinated and synchronized sperm development and release. ATP could be released by either spermatogonia or adjacent Sertoli cells, resulting in effective intercellular communication. The current work by Fleck et al. (2016) raises an interesting question about whether synchronized sperm maturation is under the control of purinergic paracrine/autocrine signaling in adult testes.
Testicular purinergic signaling
Male germ cell differentiation, i.e., spermatogenesis, takes place in the seminiferous tubules of the testis. Before puberty, the seminiferous tubules consist of a homogenous group of undifferentiated germ cells, type A spermatogonia. With the onset of puberty, and in response to surging levels of pituitary and male steroid hormones, mitotic division of spermatogonia com-mences and gives rise to round-shaped primary spermatocytes that undergo meiosis to form haploid round spermatids. The spermatids differentiate further to develop the typical shape of a spermatozoon with a long flagellum and a head containing densely packed DNA (Paniagua and Nistal, 1984; de Kretser et al., 1998; Neto et al., 2016) .
The interstitial compartment surrounding the seminiferous tubules contains Leydig cells, which are responsible for the production of testosterone and other androgens involved in spermatogenesis. Steroidogenesis in Leydig cells is initiated through binding of luteinizing hormone (LH) to receptors in the cell membrane, but the process is further regulated by several factors, including gonadotropin-releasing hormone (GnRH), growth factors, cytokines, and ATP (Saez, 1994; Foresta et al., 1996) . Purinergic signaling causes an increased influx of Ca 2+ from the extracellular environment as well as a release of Ca 2+ from intracellular stores (Pérez-Armendariz et al., 1996) , which in turn leads to increased secretion of testosterone (Foresta et al., 1996) . Several subunits of P2X receptors have been detected in Leydig cells, including P2X2, P2X4, P2X6, and P2X7 (Poletto Chaves et al., 2006; Antonio et al., 2009) . Further electrophysiological experiments have suggested that the observed Ca 2+ influx after ATP application to Leydig cells stems from opening of heteromeric P2X2/4/6 channels, whose properties are most similar to P2X2 (Antonio et al., 2009) .
Androgens exert their effect on spermatogenesis by binding to receptors in Sertoli cells. These somatic cells lie in close proximity to the germ cells and provide them with the nutrients and growth factors needed for proper development (Wang et al., 2009 ). Furthermore, Sertoli cells secrete a fluid that makes up the tubular environment and transports the differentiated spermatozoa from the seminiferous tubules to the epididymis (Rato et al., 2010) . Purinergic signaling regulates Sertoli cell fluid secretion as well as enzyme activity, secretion of estradiol, and the cell's response to follicle-stimulating hormone (FSH; Rudge et al., 1995; Ko et al., 1998; Meroni et al., 1998; Rossato et al., 2001; Gelain et al., 2005) . This effect is elicited by both metabotropic P2Y and ionotropic P2X receptors (Filippini et al., 1994; Foresta et al., 1995; Rudge et al., 1995) . Extracellular ATP triggers an influx of Na + , followed by depolarization and increased intracellular Ca 2+ levels in cultured Sertoli cells (Foresta et al., 1995; Rossato et al., 2001 ). However, further characterization of the receptors responsible for ATP signaling is needed because different studies have shown diverse expression patterns and activity of P2X receptors. These disparate results were suggested to be caused by altered expression of P2X subunits in Sertoli cells during the different developmental stages of sperm cells (Ko et al., 2003) . For example, P2X2 and P2X3 receptors were only found at certain developmental stages, whereas P2X7 was expressed in all Sertoli cells of the seminiferous tubules of rats (Glass et al., 2001 ). This could also explain the observed differences in studies of cultured Sertoli cells.
The role of ionotropic P2X receptors in mammalian sperm development Spermatogenesis is a tightly regulated process subject to ongoing influence by a myriad of paracrine and endocrine stimuli. As reported in this issue (Fleck et al., Figure 1 . Purinergic signaling. P2X receptors are trimeric ion channels in which each subunit consists of two membrane-spanning domains. Binding of ATP to P2X channels causes a conformational change that opens the pore and allows Ca 2+ and/or Na + to enter and K + to leave the cell (Hattori and Gouaux, 2012) . P2Y receptors consist of seven transmembrane domains and are G protein-coupled receptors. Binding of ATP (or ADP, UTP, or UDP) to P2Y receptors activates different G protein signaling pathways, depending on the specific G protein associated with the receptor (P2Y1,2,4,6,11 with G q /G 11 , P2Y11 with G s , and P2Y12,13,14 with G i /G 0 ; Burnstock, 2012) .
2016), functional expression of P2X4 and P2X7 receptors in murine spermatogonia indicates that sperm development can be influenced by ATP signaling via these P2X receptors. The recently published human sperm transcriptome (Miller et al., 2016 ) also reveals the high levels of residual mRNA for P2X4 and P2X7 (as well as P2X3 and P2X5) receptors found in human spermatozoa, indicating that ATP-regulating pathways in murine and human spermatogenesis might be similar. The fact that spermatogonia have high expression of several types of P2X receptors, particularly given their genetic redundancy, indicates that their function could be critical for sperm development. Although male infertility has not been reported for P2X4-or P2X7-deficient mice, despite their immunological, cardiovascular, and neurological phenotypes, it is possible that conditional deletion of both P2X receptors in the testes will eventually yield an infertility phenotype. Another interesting finding, reported by Fleck et al. (2016) , is the functional expression in spermatogonia of the large-conductance calcium-activated K + channel (BK). The BK can provide the necessary feedback mechanism for restoring membrane potential after P2X receptor-triggered depolarization. Because P2X receptors conduct Na + and Ca 2+ , depolarization and elevation of cytoplasmic Ca 2+ will lead to activation of the BK, which in in turn triggers K + efflux, subsequent membrane hyperpolarization, and eventually restoration of resting membrane potential.
Future directions
Purinergic signaling has broad effects on endocrine pathways, from secretion of GnRH from the hypothalamus to the release of testosterone and estradiol from testicular cells (Foresta et al., 1996; Rossato et al., 2001; Burnstock, 2014) . As these pathways are vital for male fertility, ablation of one of the P2X channels may be compensated for by increased activity of other subunits, either in the same cell or in signaling pathways upstream or downstream from the affected tissue. This could also be true for P2X4 and P2X7, which in this issue are shown to be active in differentiating spermatogonia (Fleck et al., 2016) . Although mice deficient in either of these two channels do not display a reduction in fertility (Solle et al., 2001; Ke et al., 2003; Brône et al., 2007) , ablation of one channel could give rise to increased activity of other purinergic signaling pathways, either as a direct response in spermatogonia or indirectly, for example, through the release of hormones from adjacent cells. In support of this hypothesis, studies of P2X4 −/− mouse kidneys and an alveolar cell line have shown overexpression of either P2X4 or P2X7 when the other subtype was down-regulated (Weinhold et al., 2010; Craigie et al., 2013) . However, others have found a direct interaction between homotrimeric P2X4 and P2X7 channels. For example, murine macrophages do not display a change in expression of P2X7 after P2X4 ablation; however, protein-protein interaction between the two channels was instead suggested to be involved in P2X7-mediated cell death and release of inflammatory signals (Kawano et al., 2012a,b; Pérez-Flores et al., 2015) . Although Fleck et al. (2016) show a two-step dose-response curve that corresponds to independent activation of P2X4 and P2X7 channels, additional studies are needed to rule out any change in gene expression or channel interaction after protein ablation in vivo.
Several nonsynonymous single nucleotide polymorphisms (NS-SNPs) have also been detected for both P2X4 and P2X7 receptors in humans. Both of these receptors are highly expressed in immune, epithelial, and endothelial cells (Soto et al., 1996; Nicke, 2008) . NS-SNPs of P2X7 cause increased risk of, among other conditions, osteoporosis in fracture patients and postmenopausal women, tuberculosis, and multiple sclerosis (Jiang et al., 2013) . Similarly, P2X4 NS-SNPs cause increased risk of osteoporosis (Wesselius et al., 2013) as well as increased pulse pressure, the latter likely caused by defects in the compliance of large arteries (Stokes et al., 2011) . However, none of the NS-SNPs show a direct effect on male fertility. To reveal the importance of purinergic signaling in the human testis, it would be necessary to study the expression pattern of P2X subtypes in the different stages of human spermatogenesis and compare the results with those of rodents. Ion channels and transporters that are functionally expressed in sperm cells could differ among even closely related species, and this could also be true for sperm precursors. In fact, rat spermatogonia do not express P2X4 (Glass et al., 2001 ), whereas Fleck et al. (2016) show this receptor to be an important modulator of purinergic signaling in mouse spermatogonia. Thus, the question of which P2X subtypes conduct purinergic signaling in human sperm cells remains open.
Purinergic signaling often leads to increased release of ATP into the extracellular environment. Although ATP functions at a very short range (Fitz, 2007) , it permits positive feedback through autocrine signaling as well as communication with adjacent cells (Corriden and Insel, 2010) . Fleck et al. (2016) show an increased release of ATP after activation of P2X channels, most likely P2X7, in spermatogonia. A previous study also showed release of ATP after FSH stimulation of Sertoli cells (Lalevée et al., 1999; Gelain et al., 2005) . The close proximity between Sertoli and germ cells in the testis could thus allow for changes in cell function, whether ATP is released by Sertoli cells or the developing germ cells themselves. Future studies should therefore take into account the role of purinergic signaling in Sertoligerm cell interactions, which could give rise to activation of P2X channels and increased uptake of Ca 2+ by spermatogonia. Fleck et al. (2016) also suggest the possibility that the increased Ca 2+ levels observed after pu-rinergic signaling could regulate spermatogonial gene expression. Therefore, even a brief release of ATP into the extracellular environment could lead to long-term effects on sperm differentiation. It must be noted that the current study by Fleck et al. (2016) investigates purinergic signaling in spermatogonia of 7-d-old mice. Although electrophysiological measurements of cultured cells correspond to results from intact seminiferous cord preparations of similarly aged mice (Fleck et al., 2016) , it would be important to test whether ATP gives rise to a similar response in spermatogonia of adult mice. If cell-cell communication takes part in purinergic signaling in the testis, increased hormonal levels at puberty could alter signaling events. For example, the newborn male mouse experiences low serum levels of FSH until 10 d postnatal, after which a surge in FSH stimulates the differentiated Sertoli cells to support the developing sperm cells (Barakat et al., 2008) . As previously mentioned, increased FSH levels would also lead to ATP release from Sertoli cells, which could cause influx of Ca 2+ into spermatogonia (Lalevée et al., 1999; Gelain et al., 2005) . Thus, the expression levels or function of P2X channels in the adult testis could be different to those observed in younger animals. However, measurement of ion channel activity in the testis remains a challenge. Since the adult testis contains a heterogeneous population of differentiating germ cells, a method to distinguish the different cell types with specific live cell markers is vital for correct interpretation of electrophysiological data from this tissue. The development of such techniques could also further our understanding of the role of other ion channels present during spermatogenesis.
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